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ARTICLE OPEN
Quantum teleportation using highly coherent emission from
telecom C-band quantum dots
M. Anderson1,2, T. Müller 1*, J. Huwer1, J. Skiba-Szymanska1, A. B. Krysa 3, R. M. Stevenson1, J. Heffernan4, D. A. Ritchie 2 and
A. J. Shields1
A practical way to link separate nodes in quantum networks is to send photons over the standard telecom ﬁbre network. This
requires sub-Poissonian photon sources in the wavelength band around 1550 nm, with photon coherence times sufﬁcient to enable
the many interference-based technologies at the heart of quantum networks. Here, we show that droplet epitaxy InAs/InP quantum
dots emitting in the telecom C-band can provide photons with coherence times exceeding 1 ns under low power non-resonant
excitation, and demonstrate that these coherence times enable near-optimal interference with a C-band polarisation-encoded laser
qubit, with visibilities only limited by the quantum dot multiphoton emission. Using entangled photons, we further show
teleportation of such qubits in six different bases with average postselected ﬁdelity reaching 88.3 ± 4.0%. Beyond direct
applications in long-distance quantum communication, the high degree of coherence in these quantum dots is promising for future
spin-based telecom quantum network applications.
npj Quantum Information            (2020) 6:14 ; https://doi.org/10.1038/s41534-020-0249-5
INTRODUCTION
Quantum network technologies,1 ranging from quantum tele-
portation2 and its applications in quantum communication,3–5 to
heralded entanglement6 and quantum computing,7 rely on
interference of indistinguishable photons, and demand sources
of highly coherent photons with sub-Poissonian statistics. To
establish larger-scale quantum networks over the standard
telecom ﬁbre network, the photons should further have a
wavelength in the minimum loss telecom C-band around
1550 nm.
Solid-state quantum systems, most prominently semiconductor
quantum dots (QDs) and defects in diamond, are well-established
candidates for emerging quantum technologies. Signiﬁcant work
in this ﬁeld has developed the basic building blocks of a quantum
network, such as near-ideal photon sources,8,9 deterministic
entanglement between distant spins,10 and teleportation of
qubits.4 However, these systems have in common that their
wavelength in the visible and near infrared up to about 900 nm
prevents wider integration using the standard optical ﬁbre
infrastructure due to the strong attenuation (>1 dB/km) at those
wavelengths. Recent efforts have pushed QD emission to the
telecom O-band at 1310 nm5 (0.35 dB/km), and the C-band
(0.2 dB/km), where single and entangled photon-pair sources
were reported.11–15 However, although the coherence times and
indistinguishability of C-band QDs under different excitation
schemes have recently been studied,16 even basic quantum
network building blocks such as the interference of photons from
separate sources are still outstanding for these technologies.
Alternatively, technologies based on wavelength conversion of
single-photon sources or non-linear optical processes have
successfully been used to reach the telecom C-band and
demonstrate two-photon interference17 as well as teleportation
over several kilometres,18,19 respectively. But these approaches are
limited in efﬁciency due to the losses during the conversion
process, or the Poissonian statistics underlying attenuated laser
pulses that therefore require an additional layer of complexity to
guarantee optimal operation.
Here, we demonstrate coherent emission from InAs/InP QDs
emitting in the standard telecom window, through measurement
of single and two-photon interference. We show further the power
and utility that this photonic platform offers in quantum
information by teleporting a telecom C-band polarisation encoded
laser qubit.
RESULTS
Single photon interference
The experiments we report here use metalorganic vapour-phase
epitaxy grown droplet InAs QDs on an InP substrate (see Methods
for further discussion). A photoluminescence spectrum taken at
the pump power where the neutral exciton (X) intensity saturates
(Psat) is shown in Fig. 1a. We observe several isolated emission
lines, and identify the X and biexciton (XX) transitions by
polarisation spectroscopy and intensity correlations. Other
observed emission lines are most likely resultant from charged
excitonic conﬁgurations, typically seen in QDs.
The coherence time T2 of single photons can then be measured
with high temporal resolution through ﬁrst-order ﬁeld-correlation
measurements using Fourier Transform Spectroscopy.20 It
depends on the radiative lifetime T1 as well as the pure dephasing
time T2 via the relation
1
T2
¼ 1
2T1
þ 1
T2
; (1)
where the radiative lifetime of the QD X transition is measured to
be T1= 1.765 ± 0.013 ns, as shown in Fig. 1b. Two exemplary
visibility measurements performed on this transition at excitation
powers of 0.75 Psat and 0.03 Psat are given in Fig. 1c, with the latter
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chosen as the lowest power with a sufﬁcient signal-to-noise ratio
for the measurement. For both powers, the decay of the visibility
displays a characteristic beating pattern in the fringe contrast
resulting from the ﬁne-structure splitting (FSS) of the X. However,
the envelope of the oscillations decays more slowly for lower
driving powers. The Fourier transform of a sum of two Lorentzian
functions with the same width and different central frequencies
was used to ﬁt our data (see Methods for further discussion) from
which we extract a FSS of ΔE= 18.5 ± 0.2 μeV and a coherence
time T2 = 331 ± 12 ps at 0.75 Psat, where the uncertainty is given
by the standard error extracted from a least-squares ﬁtting
routine. At the lower pump power, the coherence time remarkably
increases to T2= 1058 ± 134 ps, far exceeding the best recently
reported values for InAs/InGaAs/GaAs C-band QDs with similar
radiative lifetimes.16 It even approaches those measured using
sub-Kelvin temperatures,21 where one expects an almost dephas-
ing free regime.
The power dependence of T2 is shown in Fig. 1c, where
coherence times are longer and dephasing is reduced for lower
pump powers due to a more stable charge environment in the
vicinity of the QD under these conditions.22 Increasing the
excitation power leads to brighter emission from the QD (Fig.
1d) at the cost of increased charge ﬂuctuations and spectral
diffusion. We note however that even at maximum X brightness at
Psat, the measured coherence time (T2= 299 ± 9 ps) is still
sufﬁcient for applications such as a quantum relay.5 The fact that
our QD maintains a high level of temporal coherence even under
saturated pumping conditions where the intensity is the brightest
for the X is remarkable, especially with the given excitation
scheme where one would typically expect to observe a relatively
high level of dephasing. We hypothesise that the measured level
of temporal coherence could be a result of the droplet epitaxy
growth mode, where the QDs are nominally formed without the
presence of a large wetting layer typically seen in
Stranski–Krastanov QDs.23 The absence, or reduction, of such a
wetting layer serves to remove an abundance of charge carriers
when exciting non-resonantly. However, a further investigation of
the properties of these droplet QDs is required in order to fully
determine the origin, as other factors such as the difference in
material substrate, strain proﬁle or level of defects may also
contribute.
A Fourier transform-limited photon exhibits a coherence time
T2= 2T1. In this limit, the emitter is fundamentally free from
external dephasing processes. For the highest coherence time
measured here, T2∕2T1= 0.298 ± 0.038, reducing to 0.085 ± 0.003
at the maximum brightness. Notably, the latter is a factor 4 higher
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Fig. 1 Single-photon interference. a Spectrum of the QD measured at Psat with exciton (X) and biexciton (XX) labelled. The shaded area
denotes the part of the spectrum used for these measurements. b Time-resolved intensity of X. The solid line is a ﬁt to a biexponential decay.
c Single-photon interference measurements of the X at 0.75 Psat (pink) and 0.03 Psat (purple). The visibility oscillates at the beat frequency
corresponding to the FSS of the X transition. Solid lines are ﬁts to the data according to a Fourier transform of a double Lorentzian.
d Coherence time (T2) extracted from the ﬁts (blue) and integrated intensity (purple) as a function of excitation power. Error bars on integrated
intensity are within the symbol size, and shaded areas denote standard error.
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than recently reported values for InAs/InGaAs/GaAs C-band QDs
under non-resonant excitation at similar relative excitation
power,16 translating to a reduction of the pure dephasing rate
1=T2 for the InAs/InP system used here. Only under strict resonant
s-shell excitation, which is less disruptive than the non-resonant
excitation scheme used here, has this value been shown to
approach the Fourier limit.9,24 Given the current weak conﬁne-
ment of the QD light in the planar cavity with no appreciable
Purcell enhancement,25 there is potential to reduce radiative
lifetime T1 further by enhancing the coupling to the cavity mode,
bringing the emission even closer to the transform limit.26
Two-photon interference with a laser
The most fundamental quantum network technology enabled by
the long coherence times is the interference of two photons. To
demonstrate this, we interfere a QD photon with a telecom-
wavelength laser qubit of the form
Linj i ¼ cos θ
2
 
HLj i þ eiφ sin θ
2
 
VLj i; (2)
where θ and φ parameterise the polarisation state on the Poincaré
sphere. This is the ﬁrst step in the quantum teleportation protocol
presented below, and so we operate this experiment with a QD
that is suitable not only for the interference, but the teleportation
also. In addition to the long temporal coherence time, a QD with
low FSS, leading to high entanglement ﬁdelity, and also a high
photon count rate to collect the necessary correlation statistics is
required. We typically ﬁnd coherence times exceeding 150 ps in
80% of QDs in our sample when driving at Psat to extract
maximum count rates. Therefore, the requirement of a QD with
sufﬁcient FSS becomes the important parameter to optimise. For
the QD used in the remainder of the paper, we measured an FSS
of 5.7 ± 0.2 μeV, a maximum entanglement ﬁdelity of 91.0 ± 0.5%
and saturation count rates typically around 300k counts/s for X.
We start by measuring the QD autocorrelation g
ð2Þ
QDðτÞ, to
conﬁrm the single-photon nature of the emission. The auto-
correlation of the QD at saturation power is shown in Fig. 2a,
where strong bunching can be seen for short delays in addition to
the antibunching dip at the zero time delay. This bunching is due
to a long-lived shelving state such as a dark state accessible by a
spin ﬂip, which we capture by adding a third level to the simple
two-level system often used to model X emission. We further ﬁnd
that the shape of the g(2)(τ) dip is best described by adding a
fourth state27 capturing fast feeding processes to the X, which
leads to the ﬁtting function
g
ð2Þ
QDðτÞ ¼ 1 ð1þ Aþ BÞejτj=τ1 þ Aejτj=τ2 þ Bejτj=τ3 ; (3)
where A and B denote the coupling strength from the additional
levels, τ1 is a timescale that depends on the radiative lifetime of
the X as well as the pumping rate, and τ2, τ3 are the timescales of
the additional decay processes which populate the X. Note that for
lower powers, B→ 0 and the behaviour reduces to a standard
three-level model. To quantify the inﬂuence of uncorrelated
background events which causes the degree of second-order
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Fig. 2 Two-photon interference of a laser qubit. a Autocorrelation of the QD ﬁtted to a multi-level model (solid line). b Experimental
schematic. A laser photon is interfered with a QD photon on a 99:1 unbalanced beamsplitter. Correlation measurements are performed on
photons which exit via the same port of the beamsplitter using a standard Hanbury-Brown and Twiss (HBT) setup with a 50:50 beamsplitter
and superconducting nanowire single-photon detectors (D1 & D2). The photon polarisation is controlled using a linear polariser (LP) and
electronic polarisation controllers (EPCs). c Correlation measurements of TPI for indistinguishable (blue) and distinguishable (purple) photons.
d Corresponding visibility of the TPI for the high and low-intensity regimes discussed in the text. e Calculated TPI visibility as a function of the
relative QD/laser intensity ratio η∕α2 for the ideal case where the degree of second-order coherence g
ð2Þ
HBT ð0Þ ¼ 0, and for the gð2ÞHBT ð0Þ ¼ 0:177
and 0.095 corresponding to recorded values at Psat and at Psat∕20, respectively. Black points denote raw experimental values extracted from d.
There is no correction for detection response.
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coherence g(2)(0) to deviate from the ideal value of 0, we deﬁne
the function
g
ð2Þ
HBT ðτÞ ¼
g
ð2Þ
QDðτÞ þ 2βþ β2
ð1þ βÞ2 ;
(4)
where β is the contribution of the uncorrelated background
intensity. This model is convolved with a Gaussian function with a
90 ps FWHM to account for the measured detector response, and
is used to ﬁt the autocorrelation data in Fig. 2a. From the ﬁt we
ﬁnd g(2)(0)= 0.177 with a ﬁtted β= 0.10 ± 0.02 at Psat. This
moderate contribution of background is due to uncorrelated light
emission from the semiconductor environment of the QD,
spectrally close to the quantum dot, and is power dependent. A
similar measurement at Psat∕20 which reveals a g
(2)(0)= 0.095 with
a ﬁtted β= 0.05 ± 0.01. We further determine the values A=
1.97 ± 0.08, B= 1.96 ± 1.33, τ1= 0.36 ± 0.03 ns, τ2= 2.18 ± 0.03 ns
and τ3= 0.19 ± 0.05 ns at Psat, and A= 0.90 ± 0.01, τ1= 1.53 ±
0.02 ns, τ2= 40.80 ± 0.20 ns at Psat∕20. The high error on the
coupling B suggests that the effect is very weak, thus conﬁrming
that as the power is lowered, the standard 3-level model is
recovered.
A schematic of the two-photon interference (TPI) measurement
is shown in Fig. 2b. Photons are overlapped at a 99:1 beamsplitter,
after which correlation measurements are performed. If the laser
and dot photons are distinguishable (due to their orthogonal
polarisation), we expect a dip at zero delay due to the single-
photon nature of the photon from the dot. If however the input
photons are indistinguishable and identical in all degrees of
freedom (in the co-polarised case), we expect to see bunching at
zero delay due to two-photon interference superimposed on the
dip.28 This can be described by a modiﬁed version of the two-
photon correlation function for dissimilar photon sources pre-
sented by Bennett et al.,29 taking into account differences in our
experimental setup and background contributions. The form of
the correlation function is then
gð2ÞðτÞ ¼ 1þ 2ηα
2ðejτj=T2 cosðΔELτ=_Þcos2ϕÞ þ η2ðgð2ÞQDðτÞ  1Þ
ðηþ α2 þ βÞ2 ;
(5)
where η is the dot intensity, α2 is the laser intensity, β is the
uncorrelated background contribution, ΔEL is the detuning
between QD and laser photon, and ϕ gives the polarisation
difference between the two photons (ϕ= 0 and ϕ= π∕2 for co-
and cross-polarised photons, respectively). The interference
visibility can be calculated from the contrast of the co- and
cross-polarised correlation measurements as
VðτÞ ¼ gð2Þk ðτÞ=g
ð2Þ
? ðτÞ  1, where gð2Þk ðτÞ and g
ð2Þ
? ðτÞ are the
correlation functions for the co- and cross-polarised cases,
respectively.
We perform TPI for realistic teleportation conditions, where the
QD is excited at Psat and η∕α
2
= 1, as well as for more ideal
conditions, where the driving power is reduced to Psat∕20, and
η∕α2= 2.5. As an example, the resulting correlation measurements
for the higher power parameters are shown in Fig. 2c. The
calculated visibility for both sets of parameters can be seen in Fig.
2d, where the peak raw (ﬁtted) values of 56.5 ± 1.1% (58.6 ± 0.5%)
and 72.8 ± 2.7% (72.4 ± 0.7%) are obtained. A small energy
detuning of ~2 μeV (see Methods for further details) between
the laser and the QD photons accounts for the small beating in the
measured visibility. From the ﬁts we can further determine τc=
294 ± 9 ps at Psat and τc= 471 ± 29 ps at Psat∕20. The coherence
time at Psat is in agreement with the value measured using the MI
for this QD (262 ± 19 ps, data not shown), and is also comparable
to the value shown by the QD presented in Fig. 1, both in terms of
raw coherence time and the ratio T2∕2T1 (T1= 1.580 ± 0.006 ns) at
this power. We ﬁnd that this coherence time is also consistent
with a measurement of the mutual degree of indistinguishability
for the QD presented in Fig. 1, which can be evaluated using a
standard Hong–Ou–Mandel (HOM) interferometer.28 Here, we
determine a peak raw HOM visibility30 of VHOM,raw= 62.9 ± 3.6%
and a coherence time of 303 ± 20 ps when exciting at Psat with a
delay between photons of 6.25 ns.
In practice, both the degree of second-order coherence of the
QD (g(2)(0)) and the QD/laser intensity ratio η∕α2 limit the
maximum achievable visibility. In our case, for both power
settings, the visibility is above 85% of the ideal value where
g(2)(0)= 0, and is well described when taking the degree of
second-order coherence at the respective powers into account, as
shown in Fig. 2e.
Quantum teleportation
One direct application of this type of interference is the
teleportation of a qubit, a fundamental operation in quantum
information technologies. The longer the temporal coherence of
the interfering photons, the more photons are teleported with
high ﬁdelity. We choose to teleport a telecom-wavelength
polarisation-encoded laser qubit, as this is the most relevant for
the practical application of using a quantum relay to extend the
reach of existing quantum key distribution systems.
The quantum teleportation protocol relies on the distribution of
an entangled pair of photons between an intermediate station,
Charlie, and Bob. A Bell state measurement is then performed on
the input qubit from Alice and one of the entangled photons
(Charlie). This measurement projects the wavefunction of Bob’s
photon into the state of the input, up to a unitary transform.31 In
this experiment, we use the entanglement generated by the
biexciton radiative cascade, which results in the two-photon
entangled state
ΨðτÞj i ¼ 1ﬃﬃﬃ
2
p HXXHXj i þ eiΔEτ=_ VXXVXj i
h i
; (6)
where H and V denote the horizontal and vertical polarisation
eigenbasis of the QD. The teleportation protocol is illustrated in
the sketch of our experimental implementation in Fig. 3a. While
similar setups have been successfully used to teleport photons at
shorter wavelengths,4,5 no QD sources have so far been available
to conduct this experiment in the technologically important
wavelength region around 1550 nm. Here, the X photon is
overlapped with the input laser qubit (Alice) at the 99:1
beamsplitter, with the intensity of the laser set to match the
intensity of the QD to optimise both TPI performance and three-
photon coincidence rates. We then perform a Bell-state measure-
ment using a polarising beamsplitter (PBS) and detectors DH and
DV calibrated to the QD eigenbasis (Charlie). The XX photon is
ﬁnally analysed at a PBS by aligning the detectors DP and DQ to
the expected output state basis (Bob). Experimentally, coincidence
detection of photons are measured at Charlie and Bob in order to
generate third-order correlations maps as a function of the time
delays τC ¼ tDV  tDH and τB ¼ tDPðQÞ  tDH . A successful Bell-state
measurement heralds the teleportation (τC= 0), which can then
be correlated with the photon detections at Bob. The teleportation
ﬁdelity is then calculated as4
f TP ¼
g
ð3Þ
P ðτC ; τBÞ
g
ð3Þ
P ðτC ; τBÞ þ gð3ÞQ ðτC ; τBÞ
; (7)
where g
ð3Þ
PðQÞðτC ; τBÞ is the third-order correlation function for Bob’s
photon detected in polarisation P(Q), and serves as a measure of
the expected (unexpected) output polarisation compared to the
input. By sending horizontal (H), vertical (V), diagonal
D ¼ ðH þ VÞ= ﬃﬃﬃ2p , antidiagonal A ¼ ðH  VÞ= ﬃﬃﬃ2p , right-hand
circular R ¼ ðH  iVÞ= ﬃﬃﬃ2p  and left-hand circular
L ¼ ðH þ iVÞ= ﬃﬃﬃ2p  weak coherent laser input qubits, correspond-
ing to the six symmetrically distributed polarisation states on the
M. Anderson et al.
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Poincaré sphere, we can measure correlations in three different
polarisation bases at Bob to determine the mean ﬁdelity of our
teleporter.
For the dot presented in Fig. 2, driven at Psat, the resulting mean
ﬁdelity coincidence map for the post-selection window corre-
sponding to the most statistically signiﬁcant teleportation is
displayed in Fig. 3b, where the point of highest ﬁdelity is centred
on τC= τB= 0. This corresponds to the three-photon coincidence
where the input polarisation state is mapped to the output
photon at Bob, and a maximum mean ﬁdelity of 83.6 ± 2.2% for an
equivalent window size of 203 ps is achieved. This ﬁdelity exceeds
the classical threshold of 2/3 by 7.8 standard deviations, and is
also 5.1 standard deviations above the limit imposed for secure
implementations of six-state secret key sharing protocols.32 Other
relevant features can be examined by taking a cut along the τC= 0
axis, as shown in Fig. 3b, where we see oscillations in the ﬁdelity
resulting from the time-evolving nature of the two-photon
entangled source. Indeed, the beat frequency is given exactly by
the FSS of the QD. A cut along the τB= 0 axis shows the high-
ﬁdelity teleportation heralding peak with width set by the X
coherence time. It is clear from this cut-through that a small
amount of residual detuning of the laser from the QD is present,
accounting for difference in the peak width from Fig. 2d in the TPI
measurement. This is most likely as a result the 5.7 μeV splitting
combined with the ~2 μeV accuracy of the overlapping routine.
We use temporal post-selection to ﬁlter out the successfully
teleported photons. Our teleporter is limited temporally along τC
by the interference visibility of the laser and QD photon, with a
timescale given by the X coherence time and the detector
resolution. A longer X coherence time will therefore directly lead
to a relaxation of post-selection conditions and therefore more
efﬁcient teleportation. Along τB, the evolution of the quantum
state due to the FSS, together with the detector resolution, limits
the maximum window size. When varying the window size,
smaller windows lead to higher ﬁdelities at the cost of teleporting
fewer photons within that window. For larger window sizes, more
photons are teleported, but the signal starts to be washed out and
the teleportation ﬁdelity decreases.
Varying the temporal post-selection window size, we ﬁnd the
mean ﬁdelity increases to a maximum of 88.4 ± 4.0% for an
equivalent post-selection window size of 103 ps, which is
5.4 standard deviations above the classical threshold. The main
factors that contribute to this maximum measured teleportation
ﬁdelity are the TPI visibility and the entanglement ﬁdelity. For the
relatively high excitation power used here, the non-zero g2HBT ð0Þ
value of the X limits the achievable TPI visibility, as shown in Fig.
2e. Consequently, this lowers the expected teleportation ﬁdelity as
fewer photons are interfering and taking the correct path at
Charlie, leading to a higher proportion of incorrectly heralded
photons measured at Bob. Further, the ﬁnite g2HBT ð0Þ value also
limits the entanglement ﬁdelity, as it leads to photon pairs with
uncorrelated polarisation. For low excitation power on the other
hand, the reduced brightness and non-zero detector dark counts
lead to signiﬁcantly fewer three-photon coincidences and reduced
ﬁdelity. The exact relative contribution of these factors with
respect to the teleportation ﬁdelity is outside the scope of this
investigation, however, we note it is generally seen that the TPI
visibility has a stronger impact on the teleportation ﬁdelity.33
Fig. 3 Quantum teleportation of a laser qubit. a Experimental schematic. An input polarisation encoded laser qubit is interfered with an
X photon on a 99:1 beamsplitter. At Charlie, a Bell state measurement is performed using a polarising beamsplitter (PBS) and superconducting
single-photon detectors (DH & DV). Bob then uses polarisation resolved correlations to analyse the output state in different polarisation bases
at detectors (DP & DQ). b Mean ﬁdelity coincidence map for the most signiﬁcant post-selection window size of 203 ps. The peak ﬁdelity at τC=
τB= 0 is 83.6 ± 2.2%. c Individual ﬁdelities for the six input polarisation states and the corresponding mean ﬁdelity. The ﬁdelity exceeds the
classical limit of 2∕3 (dotted line) for each basis in the six-state teleportation protocol.
M. Anderson et al.
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Individual basis ﬁdelities from Fig. 3b are displayed in Fig. 3c,
where we note each one is above both the classical and six-state
protocol thresholds. As such, our teleporter offers a robust and
universal platform where teleportation of any arbitrary input state
can be realised with high ﬁdelity.
DISCUSSION
We have demonstrated the highly coherent emission from a
telecom C-band quantum light source based on semiconductor
QDs by measuring a single-photon coherence time exceeding 1 ns
and a T2∕2T1 ratio of 0.298 at low CW excitation powers. This
compares well with state-of-the-art systems even when we use
non-optimal, but highly practical, non-resonant excitation
schemes. We have found that the emission remains sufﬁciently
coherent even when driven at saturation power to enable
interference measurements with a weak coherent source. Taking
into account the limitations imposed by the degree of second-
order coherence of the QD, we obtain near-perfect visibility.
Device performance could be further improved by the addition of
a solid immersion lens, which would increase both the excitation
and collection efﬁciency, resulting in higher detected count
rates,33,34 and enabling the beneﬁt of the higher coherence under
lower excitation powers.
We further showed how these experiments can be combined to
form basic building blocks of a quantum network, by measuring
proof-of-principle quantum teleportation of telecom C-band
qubits. We note that these results are achieved in a system with
signiﬁcant differences in materials, QD growth, device structure
and operation compared to standard GaAs-based QDs, and
demonstrate for the ﬁrst time the combination of all necessary
properties for the operation of a quantum relay in such a device.
The teleportation shown here with emission wavelength in the
telecom C-band straightforwardly enables extension of the reach
of existing QKD systems, using simple non-resonant driving and
relying only on standard industry growth and fabrication
techniques in a material compatible with on-chip integrated
detection. In addition, on-demand operation of the relay
described here, which is essential for real-world applications,
could straightforwardly be achieved using pulsed optical
excitation.
The low degree of spectral wandering and stable transition
energy revealed by the long coherence times could further
facilitate resonant excitation schemes, where we expect the true
limits of coherence in emitted photons and the underlying spin
states to be revealed. For example, it has been demonstrated that
resonant two-photon excitation can lead to photon emission
closer to the transform limit,34 while still maintaining the
entanglement properties necessary for quantum teleportation.33
Such a scheme could make our system available for a whole range
of applications pioneered using short-wavelength solid-state
systems, at a wavelength that can be directly integrated with
long-distance quantum networks.
METHODS
Sample design and measurement setup
Our device consists of metalorganic vapour-phase epitaxy grown droplet
InAs QDs on an InP substrate embedded in a planar cavity between p-
doped repeated layers of distributed Bragg reﬂectors on the top and n-
doped layers on the bottom. The sample is similar to that used in our
recent work.15 The device is operated at 8.5 K in a temperature-controlled
Helium vapour cryostat with an electrically open conﬁguration, as we
found application of a gate voltage had little effect on improving the
measured coherence times for this device. Emission from a single QD is
collected using a confocal microscope (NA= 0.68) coupled to a standard
telecom single-mode ﬁbre. The light is then guided to either a grating
spectrometer and detected on an InGaAs array, or to a free-space
transmission grating (resolution ~ 0.5 nm) to spatially separate the X and
XX emission lines. After separation, the light is ﬁbre coupled and guided to
either the TPI or teleporation setup (described in the main text), before
being detected on SNSPDs with a measured pair response of around 90 ps
FWHM. For the coherence time measurements, non-resonant CW
excitation at 785 nm is used to excite the dot. For the TPI and teleportation
measurements, the non-resonant CW excitation wavelength used is
1310 nm, as this increases the count rates from the neutral exciton and
biexciton transitions. We found that the coherence times are not affected
by the wavelength change, which only serves to increase the emission
count rate for the two- and three-photon measurements. The reference
frame for polarisation labelling is given by the QD FSS. The polarisation of
highest X energy is deﬁned to be V, from which all other polarisations can
be deduced. For the EPC calibration which deﬁnes the detection system to
the various polarisation states, a laser reference is used to simulate the
emission of the QD, determined using a linear polariser, half-wave plate
and quarter-wave plate. One of the outputs of the beamsplitters at Charlie
and Bob is then minimised for the different detection bases. The same
minimisation is then performed for the input laser, matching the input
polarisation reference frame to that of the QD. The calibration is carried out
similarly for the TPI. The spectral overlap of the laser and the QD is
achieved using a grating spectrometer and a ﬁtting routine which
minimises the spectral energy difference with a resolution of ~2 μeV.
Michelson interferometer
We use a single-mode optical ﬁbre-based Michelson interferometer, where
an optical delay line allows us to vary the delay between the arms coarsely
and a ﬁbre stretcher to measure interference fringes. When one arm of the
interferometer is varied using the ﬁbre stretcher, we measure single-
photon interference as oscillations in the output intensity. Along with the
delay line and ﬁbre stretcher, Faraday mirrors are used at the end of both
arms to compensate for polarisation rotations and ﬂuctuations in the
ﬁbres. The interference fringe visibility is deﬁned as
V ¼ Imax  Imin
Imax þ Imin ; (8)
where Imax and Imin correspond to the cases of constructive and destructive
interference, respectively. Interference fringes are then ﬁtted to extract this
visibility at different coarse delays. We measure the interference pattern of
a broadband light source to determine the zero delay setting, and use the
visibility measured from a narrowband laser to calibrate the efﬁciency of
our setup and normalise the data. Interference fringes are ﬁtted to extract
the visibility. The Fourier transform of a sum of two Lorentzian functions
with the same width and different central frequencies is then used to ﬁt
our data, and has the form
A0 expðjΔτj=T2Þ cosðΔEΔτ=_Þ; (9)
where A0 is the fringe contrast at zero delay, T2 is the coherence time, and
ΔE is the central energy difference. The fringe contrast A0 accounts for
experimental imperfections, but remains close to unity for all measure-
ments presented here. Note that looking at both components of the split X
transition instead of ﬁltering out one of them using a linear polariser
provides an accurate, independent measurement of the FSS extracted
from the beating period, and further gives access to extra information such
as the relative intensity or coherence time of the two transitions.
Error analysis
For ﬁtted parameters and values, quoted errors are one standard deviation
resulting from a standard least-squares ﬁtting routine. For correlation data,
the main source of errors in these experiments is the Poissonian counting
statistics. Quoted error bars on correlation data denote this.
Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
DATA AVAILABILITY
The data that support the ﬁndings of this study are available from the corresponding
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